We consider a simple version of Left-Right Symmetric Model in which the scalar sector consists of a Higgs bidoublet (Φ) with B − L = 0, Higgs doublets (HL,R) with B − L = 1 and a charged scalar (δ + ) with B − L = 2 leading to radiatively generated Majorana masses for neutrinos and thereby, leads to new physics contributions to neutrinoless double beta decay (0νββ). We show that such a novel framework can be embedded in a non-SUSY SO(10) GUT leading to successful gauge coupling unification at around 10 16 GeV with the scale of left-right symmetry breaking around 10 10 GeV. The model can also be extended to have left-right symmetry breaking at TeV scale, enabling detection of WR, ZR bosons in LHC and future collider searches. Finally, due to sizeable WL − WR mixing to neutrinoless double beta decay, this model can saturate the present bound from GERDA and KamLAND-Zen experiments.
I. INTRODUCTION
The Standard Model (SM) is a remarkbaly successful theory for Particle Physics in accord with almost all data till current accelerator reach. However several open problems persist which cannot be addressed within SM. One such problem is the parity asymmetry seen in lowenergy weak-interactions while the strong interactions are parity-conserving. It is believed that SM can be thought of as the effective low energy theory of a larger framework which is parity symmetric at higher energy scale. From recent neutrino oscillation experiments [1, 2] , there is convincing evidence for neutrino masses; which are not permitted in the SM. Within the framework of the left-right symmetric models (LRSM) [3] [4] [5] [6] , we can have possible resolutions for both the problems. In this framework, the fundamental interactions are parity-even at energy scales much above the electroweak scale. Such a scenario naturally admits right-handed neutrinos with non-zero masses.
In this work, we consider a simple version of LRSM in which the scalar sector consists of a Higgs bidoublet (Φ) with B − L = 0, Higgs doublets (H L,R ) with B − L = 1. Due to the Higgs scalars being in the fundamental and bi-fundamental representations ensuring breakdown of LRSM to SM, this is known as Minimal Left-Right Symmetric Model. With this particle content, quarks and leptons including neutrinos can obtain Dirac masses. The manifest left-right symmetric models with Higgs triplets and bidoublet [7] provide Majorana masses to neutrinos and hence, allow lepton number violation. However, within this minimal LRSM with Higgs doublets and bidoublet, there are no Majorana mass terms and thus, no lepton number violation in the theory. In order to have lepton number violation or Majorana mass terms, the model is expanded by adding a charged scalar δ + with B − L charge 2 which will allow us to generate the Majorana mass terms for neutrinos at loop-level as first pointed out by P. Fileviez Perez et al. [8] . In this reference, they also have discussed the collider signatures of the Lepton Number Violating (LNV) processes in the context of this minimal left-right symmetric model.
Neutrinoless double beta decay (0νββ) is a decay mode of a given isotope in which two neutrons simultaneously convert into two protons and two electrons without being accompanied by any neutrinos. The experimental observation of such a rare process would reveal the Majorana nature of light neutrinos [9] indicating the violation of Lepton Number and can provide information on the absolute scale of neutrino mass. Till date, the best lower limit on half-life of the neutrinoless double beta decay using 76 Ge is T 0ν 1/2 > 8.0 × 10 25 yrs. at 90% C.L. from GERDA [10] . For 136 Xe isotope, the derived lower limits on half-life from KamLAND-Zen experiment is T 0ν 1/2 > 1.6 × 10 26 yrs [11] . The proposed sensitivity of the future planned nEXO experiment is T 0ν 1/2 ( 136 Xe) ≈ 6.6 × 10 27 yrs [12] . The Lepton number violating 0νββ process could arise either from the standard mechanism due to exchange of light Majorana neutrinos or by some new physics beyond SM (BSM). The simple LRSM provides us the existence of right-handed neutrinos, light neutrino masses, new right-handed massive gauge bosons and their mixing with the left-handed counterpart gauge bosons and the possibility of light-heavy neutrino mixing [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] . In the present scenario, we aim to discuss new physics contributions to neutrinoless double beta decay within a simple left-right symmetric model with Higgs doublets and bidoublet where Majorana masses for neutrinos are generated at loop-level. We also intend to examine the resulting contributions to 0νββ transition arising from sizeable light-heavy neutrino mixing which can saturate the current experimental bounds. Such mixing parametrizes the half-life of the nucleus.
Grand Unified Theories (GUTs) [5, [25] [26] [27] based on the gauge group SO(10) are very appealing in which the three fundamental forces strong, weak and electromagnetic have a common origin. They have potential to shed light on many unsolved questions of SM. Unlike the SU (5) GUT which breaks directly to SM, SO(10) admits intermediate symmetry breaking like left-right symmetry or Pati-Salam symmetry. Our goal here is also to embed the left-right symmetric theory into such a nonsupersymmetric SO(10) GUT. Such left-right symmetry breaking occuring at the scale of a few TeV can give rise to interesting weak phenomenology i.e, right-handed gauge bosons W R , Z R at collider scales.
The structure of the paper is as follows. Section II contains a brief introduction of the minimal left-right symmetric model including the particle content and the symmetry breaking pattern. The generation of Dirac and Majorana masses and the resulting neutral lepton mass matrix have been discussed in section III. In the subsequent section IV, we embed this minimal LRSM in a non-SUSY SO(10) GUT framework. In section V, we discuss the new physics contributions to neutrinoless double beta decay which can saturate the KamLAND-Zen and GERDA experiments. In Appendix A, we present the full Lagrangian of the framework and the minimization of the scalar potential has been carried out in Appendix B.
II.MINIMAL LEFT-RIGHT SYMMETRIC MODEL
The left-right symmetric model [3] [4] [5] [6] is based on the gauge group,
where the electric charge is defined as
Under this left-right symmetric gauge group, the usual quarks and leptons transform as
The left-right symmetric model can be spontaneously broken down to SM gauge group SU (2) L × U (1) Y × SU (3) C either using Higgs doublets or Higgs triplets or combination of both having non-zero B − L charges. In manifest left-right symmetric models with Higgs triplets, the model accomodates lepton number violation via Majorana masses for left-handed and right-handed neutrinos at tree level through non-zero VEVs of these triplets. In the present framework Higgs doublet H R breaks the leftright symmetry to SM. Since doublet is the non trivial minimal representation of SU (2), this framework may be called minimal left-right symmetric model. The leftright symmetry demands the existence of Higgs doublet H L which is the left counterpart of H R . We also need a Higgs bidoublet Φ with B − L = 0 to break the SM elec-
Thus, the symmetry breaking pattern for this minimal left-right symmetric model is given by
In the minimal left-right symmetric model with Higgs doublets and bidoublets, all the fermions including neutrinos are getting Dirac type masses and thus, have no lepton number violation in the model. The lepton number violation can be incorporated minimally with the inclusion of a charged scalar δ + (1 L , 1 R , 2 B−L , 1 C ). We shall discuss in the next section how Majorana masses for both left-handed and right-handed neutrinos are generated at one-loop level with the help of this extra charged scalar. Thus, the complete scalar sector of the model is given by [ 
III. NEUTRINO MASSES
The leptonic Yukawa interaction Lagrangian can be read as
The VEVs of the Higgs scalars are taken to be,
After spontaneous symmetry breaking the quarks, charged leptons and neutrinos get their Dirac type masses as, It should be noted that the electroweak VEV v EW can be expressed as,
It is possible that one of the VEVs of Φ can be chosen to be small. In the limit v 2 → 0, other VEVs can be
With this, the fermion masses are given by
Thus, one can write down the up-type and down-type quark masses from v 1 as,
leading to CKM mixing matrices as,
For simplicity, we can work in basis where down-type quark masses are already diagonal i.e, Y q as diagonal matrix and other Yukawa matrices can be constructed by the physical up and down-type quark masses along with CKM mixing matrix. Before commenting on Y and Y , let us discuss the one-loop generated Majorana masses for left-handed and right-handed neutrinos (pointed out in ref. [8] ) as shown in Fig.1 as,
where M = max (M δ + , M Φ ), M is the mass of the lepton and I is the loop factor, can be found as,
Thus, the complete neutral lepton mass matrix is
In the mass hierarchy
the light and heavy neutrino masses using seesaw approximation and in the limit
IV. EMBEDDING THE FRAMEWORK IN SO(10) GUT
We embed the minimal left-right symmetric model for lepton number violation as discussed in Section II within a non-supersymmetric SO(10) GUT to predict the scale of left-right symmetry breaking scale. The symmetry breaking chain of SO(10) GUT is
The SO(10) breaks down to the SM gauge group with the intermediate breaking step
At the first stage the symmetry breaking for SO (10) GUT to the left-right gauge group
The relevant one-loop RG equation [28] for the gauge couplings g i (i = 2L, Y, 3C) from SM to LRSM and g i (i = 2L, 2R, BL, 3C) from LRSM to GUT scale,
where the one-loop beta-coefficients b i are as follows,
In the above formula, C 2 (G) is the quadratic Casimir operator for gauge bosons in their adjoint representation,
T (R f,s ) are the traces of the irreducible representation R f,s for a given fermion (scalar),
and d(R f,s ) is the dimension of a given representation R f,s under all SU (N ) gauge groups except the i-th gauge group under consideration. When we consider the unification of this model in SO (10), denoted case 1, we find that it leads to a high value for M R . Thus additionally we shall also consider a model that permits a scale for M R closer to the TeV scale, by introducing additional scalar multiplets as introuduced in case 2 below. Using the particle content of the model, the one-loop beta coefficients for different mass range are as follows,
Higgs: Φ(2, 2, 0, 1), H L (2, 1, 1, 1), H R (1, 2, 1, 1) , and new fields, ξ(1, 1, 4/3, 6) and 4 copies of δ + (1, 1, 2, 1 
The evolution of the gauge couplings in cases 1 and 2 are displayed in Fig. 2 and Fig. 3 respectively. The two unknown parameters, left-right symmetry breaking scale M R H R and the unification scale M U can be solved for by considering the RG equations for individual gauge couplings and extrapolating them to M U . Using Eq. (15), the key equations are
Here
Using PDG [29] value for electroweak mixing angle sin 2 θ W = 0.23102 ∓ 0.00005, strong coupling constant α S = 0.118 ± 0.003 and electromagnetic fine structure constant α em = 1/128.5, determines C 1 = −1996.19, and 
From Eqs. 20, 21 and 22 we can obtain the values of the other parameters as well as the breaking scales which are tabulated in Table I. Turning to the determination of neutrino masses, we use tan β = 5, Φ = v 1 = 170.572GeV, H L = v L = 34.114 GeV, M δ + TeV, and the two possible values H R 10 10 GeV and 10 4 GeV and the resulting values are displayed in Table II AR AU BR BU MR(GeV) MU (GeV) Case 1 −18 −49 −62/3 −47/3 2.86 × 10 10 3.4 × 10 16 Case 2 −19 −48 −15 −64/3 6.2 × 10 4 7.9 × 10 18 The charged current interaction Lagrangian for leptons and quarks can be read as,
The flavor neutrino eigenstates ν α ≡ ν Lα and N β ≡ ν Rβ are related to their mass eigenstates ν i and N i as,
where the mixing matrices U, V, S, T are given by
1 More detailed discussion on neutrinoless double beta decay in left-right symmetric models can be found in in refs. [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] .
such that U ν , U N are the diagonalising matrices of light and heavy neutrino mass matrices M ν , M N respectively.
In the present model, there are various contributions to neutrinoless double beta decay namely i) due to exchange of light right-handed neutrinos via purely lefthanded currents (W L − W L mediation) or other way around, ii) due to exchange of keV-MeV scale righthanded neutrinos via both left-handed and right-handed currents (W L − W R mediation), iii) due to mixed helicity so called λ diagrams which involves left-right neutrino mixing through mediation of ν i , N i neutrinos, iv) due to mixed helicity η diagrams through mediation of ν i , N i neutrinos involving W L −W R gauge boson mixing as well as left-right neutrino mixing.
The half-life for a given isotope for these contributions to neutrinoless double beta decay is given by
where G 01 represents the standard 0νββ phase space factor, the M i represent the nuclear matrix elements for the different exchange processes and η i are the dimensionless particle physics parameters presented in table III. In the present model, we have discussed two different scenarios for gauge coupling unification predicting different values of left-right symmetry breaking scale and thereby, can result one-loop generated right-handed neutrinos both lighter and heavier than 100 MeV, typical momentum exchange of the process [30] . [31] and nuclear matrix elements for the different exchange processes [32] used in the analysis Left handed current effects: The lepton number violating dimensionless particle physics parameter for standard 0νββ mechanism is given by,
where m e is the electron mass, U ei is the mixing element and m i is the light neutrino mass. This can be translated into effective Majorana mass parameter as,
where s 12 = sin θ 12 , c 12 = cos θ 12 , etc the sine and cosine of the oscillation angles. and the unconstrained Majorana phases 0 ≤ α, β < 2π. In addition, there is a new physics contribution to 0νββ mechanism due to purely left-handed current effects with the exchange of right-handed neutrinos as,
Here S ei is the left-right neutrino mixing whose strength depends upon the relative values of tree level Dirac neutrino mass M D and one-loop generated right-handed Majorana neutrino mass M R with M R > M D and M i is the mass of right-handed neutrinos.
Right-handed current effects: The new physics contribution to 0νββ mechanism arising from the purely right-handed currents via the exchange of right-handed neutrinos yields the lepton number violating dimensionless particle physics parameter as,
In the present scenario we have g L = g R , or else the new contributions are rescaled by the ratio between these two couplings. This contribution is proportional to the standard parameter η ν and for M i ≈ m i , the contribution becomes negligible because of the strong suppression from the heavy right-handed gauge boson W R mass. Similarly, the other contribution arising from purely right-handed current effects due to exchange of light neu-
i=1 T * 2 ei M i is indeed negligible because of large suppression due to the factor,
Mixed current effects-λ and η diagrams: There are new physics contributions to 0νββ mechanism arising from the effect of both left and right handed currents are as follows,
In our case, all the factors of g R g L are unity.
A. Numerical Results
We intend to examine the new physics contributions which can give sizeable effects and can saturate the experimental limit. The translated bound on the effective Majorana mass parameter has been derived for various isotopes [33, 34] 
One can numerically estimate the half-life for 0νββ decay of the isotope or effective Majorana mass parameter m ν ee (or dimensionless particle physics parameters η) using the allowed range of model parameters. We used phase space factors and nuclear matrix elements as displayed in TableIII. The other model parameters are fixed as In the analysis of gauge coupling unification discussed in the earlier section, we have considered two different scenarios predicting the left-right symmetry breaking scale as i) M R = 10 10 GeV and ii) M R = 10 4 GeV. For the case M R = 10 10 GeV and thereby, the masses of right-handed gauge bosons W R , Z R of the same scale, the scenario is far away from the reach of LHC. Also the ratio
and W L − W R mixing i.e, tan ξ are negligible, and thus the new physics contributions to neutrinoless double beta decay arising from purely right-handed currents and mixed current effects like λ and η-diagrams are negligible. However, the new physics contributions arising from purely left-handed currents with the exchange of light as well as heavy neutrinos can be sizeable. As it is known the standard mechanism for 0νββ transition due to exchange of light neutrinos cannot be sensitive enough to be probed at current experiments for normal hierarchical (NH) and inverted hierarchical (IH) case, while the quasi-degenerate (QD) pattern is ruled out on account of the cosmology data. But the effective mass parameter m L,N ee , arising from purely left-handed currents and due to the exchange of heavy neutrinos, is estimated to be around 0.1-1.0 eV while the heavy Majorana neutrinos mass M i lie in the range keV-MeV and light-heavy neutrino mixing S ei is around 10 −3 . This value is clearly saturating the KamLAND-Zen experimental bound. The numerical estimation for these new physics contributions in terms of effective Majorana parameters is presented in Table. IV.
On the other hand, if we consider the SU (2) R breaking scale at about 10 4 GeV consistent with the gauge coupling unification, the right-handed gauge bosons Z R , W R are in TeV range and hence, can have rich LHC phenomenology. In addition, the new physics contributions arising from purely right-handed currents and mixed current effects like λ and η-diagrams are large as are the contributions arising from large light-heavy neutrino mixing. In fact for the same range of input parameters, the effective mass parameter comes out as, m ee,λ 62.37 eV. Thus, the new physics contributions are indeed large enough to saturate the experimental bound.
The lightest neutrino mass can also be bounded from radioactive beta decay studies, m β = i U 2 ei m i for which KATRIN [35] gives the bound as m β < 0.2 eV. From cosmology a direct limit can be placed on sum of light neutrino masses m Σ ≡ i m i . At present, the bound on the sum of light neutrino masses is m Σ < 0.23 eV derived from Planck+WP+highL+BAO data (Planck1) at 95% C.L. while m Σ < 1.08 eV from Planck+WP+highL (Planck2) at 95% C.L. [36] .
VI. CONCLUSIONS
We have considered a minimal left-right symmetric model giving rise to Majorana masses for left-handed and right-handed neutrinos through a radiative mechanism in turn contributing to neutrinoless double beta decay. The radiative mechanism for Majorana masses is achieved through the introduction of the charged scalar δ + (1 L , 1 R , 2 BL , 1 C ). The light neutrino mass generation is explained via the type-I seesaw mechanism with keV scale for right-handed neutrinos and few eV scale for Dirac neutrino mass using suppressed value of Yukawa coupling as in the Table II . This choice of model parameters gives rise to large mixing of light-heavy neutrinos and can saturate the experimental bound of GERDA and KamLAND-Zen experiments on neutrinoless double beta decay.
We embedded this model within a non-SUSY SO(10) GUT framework with successful gauge coupling unification. The simplest possibility gives rise to unification at 10 16 GeV with the scale of left-right symmetry breaking around 10 10 GeV. Alternatively, an extension of the framework with addition of scalar species permits the intermediate left-right symmetry breaking at TeV scale so that the right-handed gauge bosons Z R , W R can have interesting Collider as well as low energy phenomenology signatures. The two possible values of left-right symmetry breaking scale permit the keV to MeV range for Majorana masses for the right handed neutrinos, in turn leading to sizeable new contributions to neutrinoless double beta decay. where the individual parts can be written as
Defining Φ ≡ Φ 1 and Φ 2 = τ 2 Φ * τ 2 , the scalar potential can be written as follows
The kinetic terms for gauge bosons is given by 
where the respective covariant derivatives, in general, are as
The Yukawa interaction Lagrangian can be read as
Appendix B: Scalar potential minimization
Putting the VEVs as given in Eqn. 6 in the scalar potential A3 (in the limit v 2 → 0) the parametrized potential can be obtained as,
Minimizing the Eq.B1 with respect to v L and v R we get,
where µ 2 L = µ 2 R ≡ µ 2 H − (2β + )|v 1 | 2 . From Eq.B2 and Eq.B3, considering v L = v R , we get,
Also we can express |v 1 | 2 in terms of v L and v R as
